Habitat degradation is one of the greatest threats to biodiversity worldwide and the main contributor to the decline of many carnivorous plant species. For carnivorous plants in the southeastern United States, including many Pinguicula species (butterwort, Lentibulariaceae), degradation via altered fire regime has been implicated in their decline. Despite this decline, limited empirical research has been conducted examining the influence of habitat structural changes (through natural succession or human management) on reproduction and prey capture by carnivorous plants. The objectives of our study were to compare reproduction and prey capture for Pinguicula lutea (yellow butterwort) in habitats with different vegetation structures in the Florida Panhandle, where differences were largely due to management history. Pinguicula lutea is a self-compatible carnivorous plant that inhabits fire-dependent longleaf pine savannas of the southeastern United States and is threatened in the state of Florida. In 2014 and 2015, 13 sites were identified occupying three different habitat structures: maintained (intermittently mowed), grassy (dominated by Aristida stricta var. beyrichiana), and woody (encroachment by Hypericum and Ilex). Reproductive output was determined by assessing fruit set and ovule fertilization rate at each site. Additionally, prey availability and prey capture were assessed at each habitat site. In general, there were no differences in either measure of reproduction across habitat structure types. There were differences in prey abundance of Collembola, Diptera, and total arthropods both in terms of availability and capture. Total arthropod availability and prey capture were lowest in grassy sites compared to maintained habitat sites and woody habitat sites. Microclimatic conditions associated with each habitat structure and leaf morphology or physiology could explain the observed arthropod abundance and prey capture patterns. This study is the first ecological assessment of plant-insect interactions for Pinguicula species of the southeastern US and highlights the importance of habitat quality and management for this understudied group of carnivorous plants.
Introduction
Natural disturbances, such as fire, are often necessary to maintain ecological dynamics in an ecosystem, especially in open, grassy vegetation types that would shift via natural succession towards woody communities. In the absence of such disturbance, many fast-growing woody species encroach on smaller statured shade-intolerant plant species (Menges and Kimmich 1996) . Such structural and compositional habitat changes may impact plant-insect interactions. Studies have shown that foraging behavior of pollinators is affected by habitat changes such as shading due to vegetation encroachment (Herrera 1995; McKinney and Goodell 2010) . These changes can ultimately have a negative impact on plant reproduction. For carnivorous plants that depend on insects for both pollination and nutrition, habitat changes resulting from a lack of disturbances could result in a compounded negative impact, such as reduced pollinator visitation and prey capture. Indirect evidence supports this assertion; works by Karlsson et al. (1994) , Zamora (1995) , Zamora et al. (1998) , and Alcalá and Dominguez (2003) on Pinguicula species, have shown that environmental gradients (sunny vs. shady or wet vs. dry) can influence reproduction and prey capture. However, the degree to which physical changes in habitat quality-due to degradation or lack of management-affect arthropod-carnivorous plant interactions is unclear, and to our knowledge has not yet been investigated.
The carnivorous Pinguicula lutea Walter (yellow butterwort; Lentibulariaceae) provides an opportunity to explore multifaceted plant-insect interactions. It is a self-compatible species that requires floral visitors for fruit production (Fleischmann 2016a; Molano-Flores et al. 2018) . It is endemic to the southeastern United States (AL, FL, GA, LA, MS, NC, SC; Schnell 2002; Gluch 2005) . In addition, this species is threatened in the state of Florida (Wunderlin et al. 2018) . Although threatened, robust populations can be found in the longleaf pine savannas of the Florida Panhandle. Prior research indicates that this habitat is very sensitive to burn regimes, requiring a burn cycle every 2 to 3 years to maintain ecosystem dynamics (Kesler et al. 2008) . For Pinguicula species of the southeastern U.S., fire plays a crucial role in reducing tall above-ground vegetation (Hermann 1995) . In the absence of fire, more aggressive plant species displace P. lutea. This vegetation succession in the absence of fire has been suggested as the reason for its decline (Gulledge et al. 2011) ; however, little empirical work exists to support this claim. Additionally, changes in the plant community may affect P. lutea through its interaction with pollinators and prey. The passive sit-and-wait prey trap and flowers in need of insect visitation for fertilization might make Pinguicula species acutely sensitive to changes in insect communities due to habitat alteration. If changes in the composition of neighboring vegetation reduce access to arthropods, P. lutea could experience reduced pollination and prey capture.
The objective of this study is to determine if habitat structure affects plant-insect interactions for Pinguicula lutea as they relate to reproduction and prey capture. Habitat structure, or the structure of surrounding vegetation, is associated with regular disturbance and active management (e.g., fire, mowing) in the Florida Panhandle. In the absence of management, habitat structure becomes overgrown, either with woody species or denser grassy vegetation. We expect that reproduction for P. lutea, as measured by fruit set and seed set, will be greatest in maintained habitats where flowers will not be obscured by the surrounding vegetation. Similarly, we expect an increase in arthropod availability and prey capture in maintained habitats because the carnivorous leaves will not be obstructed.
Methods

Species description
Pinguicula lutea is a perennial herb with a basal rosette of carnivorous, adhesive, flypaper-trap type leaves. Individual leaves lie flat against the soil surface or curve slightly upward. Leaf margins may roll upward creating a V-shape from tip to base (Godfrey and Stripling 1961; Legendre 2000) . Leaves are studded with trichomes capable of producing adhesive mucilage to trap prey and secreting digestive enzymes to break down proteins and assimilate nutrients (Heslop-Harrison and Heslop-Harrison 1981) . This mechanism of prey capture is aptly referred to as a passive trap, as the plant consumes items that happen to land and stick to its leaves. In the case of P. lutea, it has been determined that Collembola and Diptera are the primary prey type captured by the leaves (Primer 2016) . In the Florida Panhandle, P. lutea blooms mainly from February to April. Plants bear one to several yellow tubular flowers, each of which is borne singly on an elongated scape. The main pollinators of this species are Hymenoptera, including bumblebees (Bombus spp.), honey bees (Apis mellifera), carpenter bees (Xylocopa spp.), and small bees (Fleischmann 2016a; Molano-Flores et al. 2018 ).
Study site
We conducted fieldwork in a four county region in the Florida Panhandle (Bay, Gulf, Franklin, and Liberty counties; Fig. 1 ), an area historically dominated by longleaf pine (Pinus palustris) savanna communities. The disruption of fire regimes and other anthropogenic changes have resulted in the rapid decline of this community type (Van Lear et al. 2005) . Currently, most of the remaining portions of this community type has largely been appropriated to federal-or state-managed lands. Common management practices across both federal and state lands include mechanical removal of woody species, stand thinning, mowing, and prescribed fire. However, the frequency at which these management practices are employed can vary between management units (BMF pers. obs.).
In 2014 and 2015, we chose 13 sites and assigned each to one of three habitat structures: maintained (intermittently mowed), grassy (dense Aristida stricta var. beyrichiana), and woody (encroachment by species of Hypericum and Ilex). Some, but not all, sites were studied in both years (Table 1) . Some sites do not necessarily represent distinct populations, as some populations included more than one habitat structure. For example, maintained sites were commonly mowed roadside populations. However, these populations often extended past the mowed corridor and into surrounding vegetation, which was grassy or woody and created two habitats based on distinct microclimatic conditions. Zamora (1990) and Zamora et al. (1998) used similar site classifications when a single population represented different ecological scenarios. In 2014 and 2015, vegetation surveys (i.e., average plant height and percent grasses, woody, forbs, bare ground, litter, ground cover) and analysis with non-linear multidimensional scaling (NMDS) were conducted to verify visual classification of the sites (Table 1 ; Supplement 1). The NMDS confirmed our a priori classification. In addition, in 2014 and 2015, light availability (% photosynthetically active radiation) was measured at the sites with light availability being greatest in maintained habitat structures and lowest in grassy and woody habitat structures (Supplement 2).
Fruit set and ovule fertilization
In February of 2014 and 2015, we randomly selected 10 flower buds (one per individual) per site. Only buds in which the yellow corolla was still tightly rolled around the reproductive structures of the flower were used to ensure that none of the selected individuals were pollinated yet. We marked the scape of each bud with thread and monitored for evidence of fruit formation. Fruit set was quantified as the proportion or percentage of flowers developing into fruits. In April, if fruits were produced they were collected to count seeds.
We also quantified the proportion of ovules developing into seeds ("seed set"). Fully developed seeds were considered to be dark brown to black and larger than ovules. An assumption of this approach is that our counts did not include fertilized ovules that would eventually be aborted before fully maturing into seeds. We feel safe in this assumption because we found no evidence of post-fertilization seed abortion in Pinguicula, and the vast majority of seeds counted were likely already viable. We used a digital counting method to count both seeds and ovules due to their extremely small size and large number. We dissected individually collected fruits, separating all seeds and ovules from the chaff. All seeds and ovules were removed, placed on a white background (to improve contrast), and spread as evenly as possible. The seeds and ovules of each individual fruit were then photographed using a Nikon D40 camera (Nikon, Thailand).
We extracted seed and ovule counts from each photograph using ImageJ1 (v1.47; Schneider et al. 2012) . We manually counted all seeds by identifying them individually. Counted seeds were marked with a colored dot and numbered to ensure accuracy. To count the ovules accurately, each image required processing. Images were converted to 32-bit black/white with a threshold of 48.00, 186. Resulting photos were then made into a binary image, and the particles were counted based on pixel size. All objects with an area of ten pixels or smaller were considered to be ovules. We verified accuracy of the digital method with a subset of samples that were hand counted. 
Prey capture and arthropod availability
We assessed prey capture and arthropod availability during the reproductive season (February-April) in 2014 and 2015 at all maintained, grassy, and woody sites. In both years of this study, all sites mirror those used in the fruit set and seed set components of this project. At each site, we haphazardly selected five reproductive individuals (i.e., flower buds present). Selected individuals were surveyed every 2 weeks during peak flowering (late February-early April) for a total of three survey periods.
Surveys consisted of 2-day intervals in which the most distal fully open leaf was marked by placing small colored toothpicks on either side of the leaf. Because Pinguicula traps begin digesting prey within a few hours, leaves were not cleared of prey prior to sampling, as digestive glands may only be activated once (Heslop-Harrison and Knox 1971) . After 48 h, we revisited each leaf and took an impression of the leaf surface, removing arthropod prey from the leaves. While other prey-related Pinguicula studies have collected leaves to identify prey (Zamora 1990 (Zamora , 1995 Alcalá et al. 2010) , we were limited to methods that do not impact the plant due to the threatened status of P. lutea. For this reason, the impression of the leaf surface was taken with white electrical tape allowing for prey to be removed in a single press of the leaf. The tape with prey was placed into an 8-mL plastic vial filled with 70% ethyl alcohol. All samplings were conducted during periods of sunny days where there was no risk of precipitation washing prey from the leaf surface. Arthropods were identified to the taxonomic order level and abundance was determined for each order. Since certain taxa (i.e., Collembola and Diptera) made up the majority of the total prey capture, we report total prey abundance, Collembola prey abundance, and Diptera prey abundance. All three abundances were converted to prey densities, in prey per unit leaf area. In order to estimate leaf area for density calculations, we treated leaf shape as a triangle and measured the leaves' length and width (leaf area = 0.5 × length × width).
To assess how prey capture at each site compared to the arthropod composition and numbers available at those sites we created artificial passive traps by coating thin wood rectangles (5.1 cm × 7.6 cm × 0.6 cm) with odorless, colorless, non-dry glue (Tanglefoot, The Tanglefoot Company, Grand Rapids, Michigan). This method has been used successfully in other Pinguicula studies Zamora 1995; Alcalá and Domínguez 2003) . One artificial trap was secured to the ground next to a corresponding Pinguicula individual identified for prey capture at the beginning of a sampling period and collected after 48 h. Each artificial trap was wrapped with waxed paper and put in a plastic bag. Artificial traps were brought back to the lab where arthropods were identified to the order level and abundance was determined for each order. As with prey capture, some taxa comprised the majority of the total arthropods available. Only total arthropods, Collembola, and Diptera are reported. We used the area of the wood rectangles to convert prey abundance to prey density per unit area, for consistency with prey capture measurements.
Statistical analysis
All data were analyzed in R version 3.2.2 (R Core Team 2015). All linear mixed-effects models and generalized linear mixed-effects models were conducted using the lme4 package (Bates et al. 2015) . Also, for all mixed-effects models, we used the Akaike information criterion corrected for small sample size (AICc) to compare models with different combinations of fixed effects (habitat type and year), and to arrive at the best model. Models were fit with maximum likelihood to allow for accurate comparison using AICc.
Estimates of mean values and 95% confidence intervals for a given factor in our mixed-effects models were determined as estimated marginal means using the lsmeans package (Lenth 2016) .
Fruit set and ovule fertilization
We used a generalized linear mixed-effects model with binomial response to test how fruit set differs among habitat structures. The dependent variable, fruit set, was modeled with a binomial distribution (i.e., fruit present or absent). The fruit set of individual plants was summarized into one proportion value per site. We tested the explanatory power of the two fixed effects, habitat structure (three types) and year (2014 vs. 2015) , as well as their interaction. Study site was used as a random factor, as some sites were revisited between years (8 of 13 sites were measured in each year). We also used a generalized linear mixed-effects model with binomial response to test how the proportion of fertilized ovules differed among habitat structures. The dependent variable, proportion of ovules developing into seeds, was modeled with a binomial distribution. The fixed and random effects were the same as in the mixed model used to test fruit set, but the structure of the response variable was different. Values were incorporated into the model at the individual level, which were grouped by site (the random factor).
Prey capture and arthropod availability
We used linear mixed-effects models to test the relationship between habitat structure and density of arthropod prey captured on target leaves. The response variable, density of arthropod prey, was calculated as the total number of arthropods encountered on a single leaf divided by the area of the leaf (arthropods per mm 2 ). We took the mean density across three arthropod measurements per season (the density of prey captured did not differ between the three measurement periods, F 2,381 = 0.005, P > 0.99). To satisfy statistical model assumptions of homoskedasticity and normality of residuals, we conducted a log(x + 0.01) transformation on the density values. The model included the same explanatory variables as the previous two models. The fixed effects were habitat structure and year, as well as their interaction term. Site was used as a random factor. Back-transformed means and confidence intervals are reported. Arthropod availability was analyzed in a similar manner, but densities were calculated using the constant area of a wood rectangle trap (51 mm × 76 mm) and we used log (x + 0.001) transformation of the response variable to satisfy model assumptions. We used different transformation techniques because there were large differences in the magnitude of the two response variables.
We conducted similar statistical tests for Collembola and Diptera captured or available. The same transformations were conducted. Also, we used the same fixed factors and random factors in mixed-effects models, except for Diptera captured. The distribution of Diptera captured was poorly suited for parametric tests (high frequency of zeroes). Thus, we calculated mean values for each site within each year, and conducted separate Kruskal-Wallis tests in each year to compare Diptera capture among habitat structures.
Results
Fruit set and ovule fertilization
Mean fruit set was high across maintained, grassy, and woody habitat structures in 2014 and 2015 (Fig. 2a) . In 2014, fruit set across all habitat structures ranged from 55.0 to 77.5%. In 2015, fruit set across all habitat structures ranged from 70.0 to 78.0%. Statistical modeling suggested no difference between the habitat structures or years with respect to fruit set, as the null model with no fixed effects had the lowest AICc score (Akaike weight = 0.54, Table 2 ). The only other model with substantial statistical support included a single fixed effect, year (ΔAICc = 1.05, Akaike weight = 0.322).
Similarly, the mean proportion of ovules developing into seeds was high across maintained, grassy, and woody habitat structures in both survey years (Fig. 2b) . The predicted mean percentage of ovules developing into seeds was similar across habitat structures in 2014 (87.4-88.3%). In 2015, the percentage of ovules developing into seeds in maintained habitat was lower (81.9%), but was similar to 2014 for the other two habitat structures. The model that included the year-by-structure interaction as a fixed effect was by far the best performing model (Akaike weight > 0.99, Table 2 ).
Arthropod availability
Total arthropods
Overall, the total arthropod availability was greatest in maintained habitats and least in grassy habitat in 2014, and the difference was more pronounced in 2015 (Fig. 3a) . Arthropod availability in maintained habitats was greater than in any other habitat type by 25% in 2014 and 30% in 2015. Arthropod availability increased greatly in 2015 for maintained (56%) and woody (52%) habitats, and more modestly for grassy habitats (6%). Using AICc, we selected the mixedeffects model that included the year-by-structure interaction as the best model (Akaike weight = 0.60), though the model that only included the two main effects (without the interaction) also fit the data relatively well (ΔAICc = 0.87 Akaike weight = 0.39, Table 3 ).
Collembola
Collembola availability was more than two times greater in 2015 than 2014 (Fig. 3b) . The relationships among habitat structures varied greatly between years. In 2014, the grassy habitat structure had the most Collembola available, followed by the woody structure. In 2015, the maintained habitat structure had the most Collembola available, followed by the woody structure. The best mixed-effects model included the interaction between year and habitat structure, with no other models fitting nearly as well (Akaike weight = 0.99, Table 3 ).
Diptera
Diptera availability was 32% lower in 2015 than in 2014. A similar decrease in Diptera availability was exhibited in all three habitat structures (Fig. 3c) . In both years, the maintained habitat had about five times greater Diptera availability than the grassy habitat structure and nearly two times greater availability than the woody habitat structure. The best mixed-effects model for Diptera availability included the fixed effects of year and structure, but not their interaction (Akaike weight = 0.86, Table 3 ). 
Prey capture
Total arthropods
The number of arthropods captured per unit of leaf area was greatest in the maintained habitat in both years of the study, but the magnitude of the difference depended highly on the year (Fig. 4a) . In 2014, prey capture rates in the maintained habitat structure were only marginally higher than the woody habitat structure, and about 60% greater than the grassy habitat structure. Prey capture rates were about steady between years for the woody and grassy habitat structures, but nearly doubled for the maintained habitat (Fig. 4a) . Model selection chose the mixed-effects model that included the year-by-structure interaction as the best model (Akaike weight = 0.65, Table 4 ).
Arthropod availability was positively and significantly correlated with prey capture (total arthropods for both variables). When averaging across all observations at a given site, the strength of the correlation was moderate in 2014 (r 2 = 0.343, Pearson's product-moment correlation, t = 2.287, DF = 10, P = 0.045) and stronger in 2015 (r 2 = 0.583, t = 3.739, DF = 10, P = 0.004).
Collembola
Number of Collembola per unit leaf area was much greater in 2015 than 2014 (Fig. 4b) . Although this increase was exhibited in all three of the habitat structures, the increase between years was much lower in grassy habitat structures (Fig. 4b) . In both 2014 and 2015, the grassy habitat structure had the lowest Collembola capture rate, with that deficit increasing in 2015. In 2014, Collembola capture rates were similar between the maintained and woody habitat structures, but the maintained habitat had slightly greater Collembola capture rates in 2015. Model selection arrived at the model that included year and structure as main fixed effects (Akaike weight = 0.60), followed by the model that included these two fixed effects and their interaction (ΔAICc = 1.04, Akaike weight = 0.36, Table 4 ).
Diptera
The non-parametric Kruskal-Wallis test was used to test the statistical significance of habitat structure as a predictor of the number of Diptera captured per unit area. Analyses were conducted separately for 2014 and 2015. In both years, the maintained habitat had the greatest Diptera capture rate and the grassy habitat the lowest (Fig. 4c) . The difference was more pronounced in 2015, which was reflected in the results of the statistical test. There was not a significant effect of habitat structure observed in 2014 (χ 2 = 1.70, DF = 2, P = 0.43), while in 2015, there was a significant effect of habitat structure observed (χ 2 = 6.94, DF = 2, P = 0.031).
Discussion
Habitat structure affected some, but not all, plant-insect interactions for Pinguicula lutea. In this study, habitat structure did not affect our measurements of reproductive success for the insect-pollinated P. lutea (i.e., fruit set and the proportion of ovules developing into seeds). Habitat structure affected prey capture, due in large part to its effect on overall arthropod availability. Pinguicula lutea in grassy habitat structures captured consistently fewer prey than those in maintained and woody habitat structures in both survey years. The number of Collembola captured was the primary driver of these trends. Our expectation that habitats with a more open structure will result in greater reproduction (i.e., fruit and seed sets) was not supported, but it was partially supported for arthropod availability and prey capture. 
Fruit set and ovule fertilization
Several studies have reported that changes in habitat structure can affect fruit set and seed set due to increased herbivory in shaded habitats or pollinator avoidance of shaded habitats (Herrera 1995; Louda and Rodman 1996; Chi and Molano-Flores 2015) . In the case of P. lutea, fruit set and seed set were similar across habitats with different vegetative structures, thus refuting our prediction that encroachment and shading would reduce reproductive success. For plants of reproductive age, those that produced a flower had equal opportunity for pollination regardless of habitat structure. Similarly, pollinated individuals had high seed set regardless of the habitat structure, although there may have been statistical differences among habitat structures. These results are inconsistent with Zamora (1999) , who found that for P. vallisneriifolia, fruit set and seed set were lower in shaded habitats compared to sunny habitats. The lack of a significant effect of habitat structure on reproduction could be heavily influenced by the breeding system and flower longevity of P. lutea. As a self-compatible species that requires pollinators for pollen movement, one visit from a pollinator may be enough for successful pollination (i.e., fruit production). Furthermore, individual flowers can remain open for up to 21 days (Molano-Flores et al. 2018), which may help ensure the likelihood of a pollination event even if visitation is infrequent. Similar reproductive rates and flower longevity have been found for other Pinguicula species. Works conducted by Molau (1993) , García et al. (1994) , and Alcalá and Domínguez (2003) have reported high fruit set and seed set for the European P. alpina, P. longifolia, and the Mexican P. moranensis, respectively, with values similar to our study.
Prey capture and arthropod availability
Habitat structure affected prey capture and arthropod availability. In both survey years, general patterns in prey capture tended to mirror patterns in arthropod availability at maintained, grassy, and woody habitat structures, with significant correlations between the two metrics (r 2 = 0.343 in 2014, r 2 = 0.583 in 2015). However, the number of Collembola captured primarily drove the observed trends. Pinguicula lutea in grassy habitat structures captured generally fewer individuals than individuals from the other two habitats. These trends in arthropod availability and prey capture are broadly consistent with other Pinguicula species studied.
For example, three Nordic Pinguicula species, P. alpina, P. villosa, and P. vulgaris showed similar patterns in prey capture where Collembola and Diptera accounted for the majority of captured prey (Karlsson et al. 1987 ). However, not all Pinguicula species favor the same prey (Karlsson et al. 1994) . Various Diptera were observed to be the main prey items of multiple Pinguicula species Alcalá and Domínguez 2003; Adler and Malmqvist 2004; Pavón et al. 2011 ). In the case of P. lutea, prey size can influence successful prey capture. Gibson (1991) found that P. lutea trapped insects less than 5 mm in length. In addition, several studies examining arthropod availability and capture report an overrepresentation of certain taxa of captured prey compared to general arthropods available in the respective habitat (Karlsson et al. 1987; Antor and García 1994; Zamora 1995; Alcalá and Domínguez 2003) . In the case of other Pinguicula studies, such differences between arthropod availability and capture have been attributed to environmental variation (i.e., abiotic conditions) as well as capacity of mucilage to retain only certain types of prey (Gibson 1991; Zamora 1995; Alcalá and Domínguez 2003) .
Differences in abiotic conditions at the microhabitat scale (e.g., light availability, temperature, humidity) have been shown to directly influence arthropod availability and prey capture for Pinguicula species (Zamora 1990 (Zamora , 1995 Karlsson et al. 1994; Zamora et al. 1998; Alcalá and Dominguez 2003) . For example, Zamora (1995) examined differences in arthropod availability in P. vallisneriifolia growing in a gradient of light regimes finding an inverse relationship between light availability and arthropod availability. Prey capture followed patterns in light availability among habitat Zamora (1995) also documented a significant decrease in light availability from open, shaded, and heavily shaded sites, our study found an equally drastic reduction in light availability in both grassy and woody habitat structures compared to maintained habitat structures (Supplement 2). However, the patterns in light availability (and abiotic conditions created) did not reflect the pattern of prey capture among these habitats. We speculate that the habitat heterogeneity may be the main influence of arthropod availability for P. lutea. Numerous studies have shown that habitat heterogeneity can influence arthropod abundance as it provides different niches to exploit (Tews et al. 2004 and citations therein) . Abiotic conditions can impact the morphology and physiology of the trapping mechanism (e.g., leaf morphology, mucilage volume, mucilage viscosity) for carnivorous plants, Zamora (1995) and Zamora et al. (1998) found that leaves of Pinguicula species growing in sunny habitats exhibit a greater degree of leaf rolling along the margins, had smaller and more pointed leaves, and produced more viscous mucilage than those in shaded habitats. Yet, the amount of mucilage production and retention at the sites where Zamora did his work are more complex. Mucilage production was greatest at the semi-shaded sites, followed by the sunny sites, and least at the shaded sites. However, prey retention was highest at sites with the most light availability and lowest in sites with the least light availability. Although we did not directly measure morphological and physiological characteristics for P. lutea, field observations suggest that the same patterns are observed in P. lutea. More viscous mucilage along with a greater degree of leaf rolling in maintained habitat structures could help explain why P. lutea in this habitat structure captured a greater number of Diptera than in grassy and woody habitat structures. Lastly, although we did not explore it in our study, visual or olfactory cues could also influence prey attraction to P. lutea leaves in different habitat structures. These visual and olfactory cues should be further explored as evidence of UV patterns in leaves and fungus-like odor emitting from leaves have been reported for other Pinguicula species and have been suggested to play a role in attracting insects (Joel et al. 1985; Fleischmann 2016b; Horner et al. 2018) .
Although annual differences were not the main focus of our study, we did observe differences between years in arthropod availability and prey capture. Yearly and seasonal prey capture and availability have been reported for carnivorous plants (Murza and Davis 2005; Horner et al. 2012) , including Pinguicula species (Zamora 1995; Pavón et al. 2011) . In the present study, arthropod availability varied between years to the extent that the sites with the highest prey availability in 2014 had roughly the same amount of prey as the sites with the lowest prey availability in 2015.
This observed yearly variation may be the result of differences in weather patterns influencing arthropod emergence in the study sites. Additional research is needed to fully assess arthropod availability and prey capture abundance across different times of the year for this species and its contribution to growth and reproduction. Karlsson et al. (1994) found seasonal variation of prey captured for three subarctic Pinguicula species and experimental additions of prey have been shown to influence reproduction (Zamora et al. 1998) . Also, while overall numbers of prey capture matter, prey items can also be assessed in terms of their relative contribution to overall nutrient content. This aspect might be particularly important for P. lutea, as the size difference between Collembola and Diptera is great and nutrient content of prey items increases proportionately (Karlsson et al. 1987) . Also, while conducting this study, we found signs of herbivory on P. lutea, specifically florivory and fructivory. A study should be conducted to determine if such herbivory has any impact on the reproductive output of P. lutea and if it varies among different habitat structures.
Lastly, although we found differences in prey capture among habitat structures, no major differences in reproductive output were observed. Because Pinguicula lutea is a perennial, it is possible that resource uptake, accumulation, and reallocation outside of the reproductive period compensate for deficiencies observed during our study period. Also, Adlassnig et al. (2010) noted that the traps of carnivorous plants could capture other non-prey items and be a source of nutrients. For example, Pinguicula lusitanica has been shown to produce more leaves and flowers when pollen was added to leaves (Harder and Zemlin 1968) . In the case of Pinguicula lutea, pines shed pollen during its blooming period, and if enough pollen lands on the leaves, this pollen (which we did not measure) could influence the availability of resources during reproduction. A long-term multi-seasonal prey and pollen supplementation study-perhaps in combination with stable isotope analyses-would 
Conclusion
Pinguicula lutea grows in habitats that range from sites managed to keep vegetation short, sites with abundant wiregrass, and sites with woody encroachment. This series of habitats roughly represents a post-disturbance successional regime, especially after fire suppression, for the longleaf pine ecosystem where P. lutea grows. In the absence of fire, open maintained sites become grassy and are eventually invaded by woody vegetation. However, the pattern of both pollinator and prey interactions with P. lutea does not follow this order. Pollination was uniformly high across the three habitat structures, but arthropod availability and prey capture vary among habitat structures. Although it appears that P. lutea can persist in woody habitat structures, it may have more to do with a heterogeneous vegetation matrix where microclimatic conditions provide patches of more suitable habitat (i.e., patches of sunlight). In sites where woody encroachment is 100%, few P. lutea individuals have been observed and none were blooming (BMF pers. obs.). We conclude, based on direct and indirect evidence, that habitat structural changes due to lack of management could have long-term demographic impacts on P. lutea. As sites become more encroached, fewer individuals will bloom and reproduce as less prey are captured, negatively influencing reproduction, growth, and survival at the population level. To assist with the persistence of this species (i.e., reproduction and prey capture) and maintain the health of the longleaf pine ecosystem, following the recommended frequent burn regime [every 2-3 years (Kesler et al. 2008; Noss et al. 2015) ] should decrease grass cover and prevent complete woody encroachment. This study adds to the body of work that shows anthropogenic changes [e.g., fire suppression; drainage; nitrogen loading (Jennings and Rohr 2011) ] have unique impacts on carnivorous plants.
